Carbamoyl phosphate synthetase of pea shoots (Pisum sativum L.) was purified 101-fold. Its stability was greatly increased by the addition of substrates and activators. The enzyme was strongly inhibited by micromolar amounts of UMP (Ki less than 2 pM). UDP (EC 3.1 .3.9) (7).
and AMP.
Glutamine-dependent CPS3 is the only known enzyme in plants that synthesizes carbamoyl phosphate. The CAP is utilized in several reactions, including (a) condensation with Orn, catalyzed by ornithine carbamoyltransferase (EC 2.1.3.3), forming citrulline and ultimately arginine and polyamines, (b) condensation with aspartate, catalyzed by aspartic carbamyltransferase (EC 2.1.3.2), forming carbamylaspartate and ultimately pyrimidine nucleotides or sugar-nucleotides, and (c) phosphorylation of glucose, a reactiou catalyzed by carbamoyl phosphate: glucose phosphotransferase (EC 3.1 .3.9) (7).
The complex of regulatory properties of CPS derived from bacterial and animal sources has received considerable attention (1-3, 10, 23-25) . While the plant-derived enzyme has been neither as intensively studied nor as highly purified, evidence is accumulating that it, too, has regulatory capacities (16) (17) (18) 20) . Several properties of the pea leaf CPS have already been described (17) . The present study was made with more highly purified CPS with the intention of extending the original observations. 1This research was supported by Grant GB-34117 from the National Science Foundation to A. W. N. 2 Present address: American Cyananmid Company, Princeton, N. J. 08540.
3Abbreviations: CPS: carbamoyl phosphate synthetase; CAP: carbamoyl phosphate; OCT: ornithine carbamoyltransferase; ACT: aspartic carbamoyltransferase; DTE: dithioerythritol; ME: mercaptoethanol; DMSO: dimethylsulfoxide; Gln: L-glutamine; Orn: L-ornithine. 23 
MATERIALS AND METHODS
Chemicals. All substrates, nucleotides, amino acids, and dimethyl sulfoxide were obtained from Sigma Chemical Co. in the purest available forms. Hypatite-C (hydroxylapatite) was purchased from Clarkson Chemical Co., Williamsport, Pa. BaH'4C03 (55 mCi/mmole) was purchased from Oak Ridge National Laboratories and converted to NaH14CO3. Calcium phosphate gel was prepared by the method of Keilin and Hartree (8) and aged 6 to 10 weeks prior to use.
Enzyme Assays. Three different methods were used to assay CPS. In method I, coupled assay with Orn and OCT, the assay mixture contained 1.3 umoles of ATP, 3 jAmoles of MgC12, 4 units of purified Streptococcus faecalis OCT (1 unit synthesized 1 ,umole of citrulline/min at 37 C), 1 ,umole of NaH'4CO3 (10 ,uCi/,mole), 1 Amole of Orn, 1 umole of Gln, 0.25 ,umole of DTE, 25 ,mole of Bicine-KOH buffer, pH 8.1, and 0.02 to 0.04 ml of enzyme (1-3 units) in a final volume of 0.25 ml. The reaction was begun with the addition of CPS and allowed to proceed for 5 to 9 min at 30 C. The reaction was stopped by adding 0.05 ml of 44% formic acid. Method II, coupled assay with L-aspartate and ACT, was similar to method I, except that 0.8 to 1 ,umole of aspartate replaced Orn, and 8 units of pure catalytic subunits of Escherichia coli B ACT replaced OCT (1 unit of ACT catalyzed the synthesis of 1 umole of carbamylaspartate/hr at 30 C). The catalytic subunit of ACT was prepared by the method of Gerhart and Holoubek (5) . In method III, the CAP formed in the absence of ornithine, aspartate, ACT, and OCT was converted to acidstable hydroxyurea using a modification of the procedure of Levine and Kretchmer (9) . The reaction was stopped with 0.05 ml of 0.6 M NH20H, pH 6.5. The tubes were then transferred to a 65 C water bath for 1 to 2 min, and acidified with 0.2 ml of 16% formate. After 1 hr, 0.4-ml aliquots were pipetted into scintillation vials and heated overnight to dryness in an 80 C oven. After dissolving the residue in 0.5 ml of water, the samples were counted as indicated below.
In methods I and II, following acidification, aliquots of 0.2 or 0.25 ml were removed from the assay tubes and placed in glass scintillation vials. After oven drying at 90 C to 100 C overnight, each residue was dissolved in 0.5 ml of water. Ten ml of a scintillation mixture were then added to each vial. (The mixture was made by adding 1 liter of toluene containing 5 g of PPO and 0.3 g of POPOP to 2 liters of Triton X-100 [4] .) After thorough mixing, the vials were counted with a Beckman Model LS-230 scintillation counter with an efficiency of 47%. Method I was used chiefly during the purification and stability studies. Enzyme from stages I and II of the purification procedure incorporated much NaH14C03 into an ornithine-independent acid-stable compound(s) which nevertheless required ATP. In assaying CPS purified only to these stages, it was necessary to pass the enzyme extract through a short (2 x 14 cm) G-25 Sephadex column to eliminate endogenous substrates. The column was equilibrated in and eluted with 25 mm K-phosphate buffer, pH 7.2, containing 4 mm Gln and 10 mm ME. After pooling the active fractions, the activity was found to be 93 to 96% dependent on added Orn.
With enzyme from stages III and VI, the endogenous substrate removal procedure was not necessary.
In all of the assay procedures, 1 unit of CPS was considered to be that amount catalyzing the synthesis of 1 nmole of product (citrulline, carbamylaspartate, or hydroxyurea) /hr at 30 C. For economic reasons, a nonsaturating level of bicarbonate (4 mM) was used in all experiments except where otherwise noted. The Km for HCO3was 1.6 i 0.3 mM.
Protein Assay. Protein was determined by the Lowry procedure (11) using BSA as a standard. In all stages of enzyme purification, the proteins were first precipitated with an equal volume of 10% (w/v) trichloroacetic acid, centrifuged, and the pellet was redissolved in 1 N NaOH prior to assay.
PURIFICATION OF PEA SEEDLING CPS
The purification scheme given here was a modification and extension of that described earlier (18) . All operations were performed at 2 to 4 C.
Stage I-Crude Extract. Pea seedlings (Pisum sativum L. cv. Alaska) were greenhouse-grown for 20 days (June, Durham, N.C.) and cut about 5 cm above the soil level. The shoots were frozen at -18 C and stored in 500-g lots. Six weeks later, 615 g of the frozen shoots were blended for 1 min in a large Waring Blendor with 1.1 liters of 50 mm tris-HCl buffer, pH 7.6 (20 C) containing 3 mm Gln, 10 mm ME, and 0.5 mm EDTA. The slurry was filtered through two layers of cheesecloth and clarified by centrifugation.
Stage II-Ammonium Sulfate Fractionation. Solid ammonium sulfate was added to 32 % saturation (at 0 C). The precipitate was removed by centrifugation, and additional ammonium sulfate was added to make a final concentration of 53 %. Following precipitation and centrifugation, the pellet was saved.
Stage III-Calcium Phosphate Gel. The pellet was dissolved in 250 ml of 10 mm K-phosphate buffer, pH 6.5, containing 4 mM Orn, 10 mm ME, and 0.5 mm EDTA. To this was added 348 ml of calcium phosphate gel (29.3 mg solids/ml) giving a gel-protein ratio of 1.7. After stirring 15 min, the mixture was centrifuged. The gel-protein pellets were pooled and washed twice with 30 mm K-phosphate buffer, pH 7.2, containing 4 mm Orn, 4 mM Gln, 10 mm ME, and 1 mm EDTA. Each elution required 200 ml of buffer plus stabilizers. The gel-protein lumps were resuspended by homogenizing for 15 sec at low speed in a Waring Blendor; after standing for 15 min the suspension was centrifuged for 5 min, and the supernatant was discarded. The pellets were resuspended and washed twice (180 ml each time) with 60 mm phosphate buffer plus stabilizers. After pooling the two fractions, the protein was precipitated by adding solid ammonium sulfate to 60% saturation. Following centrifugation, the pellet was saved. Mg2+ were all present, however, DMSO decreased stability. The optimal concentrations and ratios of these stabilizers were not evaluated critically.
In those cases where stages V or VI CPS were dialyzed in the absence of one or more of the stabilizers, a large loss of glutaminedependent activity resulted. The ammonia-dependent activity was much more stable; after 15 hr of dialysis in the absence of Orn and Gln, 90% of the glutamine-dependent activity was lost but only 11 % of the NH4+-dependent activity. If it became necessary to delay using the enzyme, it was precipitated with ammonium sulfate and stored at -28 C. Under such conditions, loss of activity was low.
General Properties. Some of the general properties of CPS were reported earlier (16, 18) ; but since the current studies employed enzyme over twice as pure as that used before and the assays were performed at 30 C instead of 37 C, some repetition as well as extension of the previous work was desirable.
The Km for Gln was 0.14 mm, while the Km for ammonia was 15.9 mm. The relative velocities at saturating substrate levels were Gln (4 mM) 100%, NH4+ (100 mM) 106%, and Gln (4 mM) plus NH4+ (100 mM), 137%.
Previous work (16, 18) had shown that the MgATP saturation curve was sigmoidal, almost always yielding 1 /S, 1/V plots which were concave upward, both when Mg2+ = ATP and when Mg2+ exceeded ATP by the optimal amount. These determinations employed a coupled assay, where Orn was present at levels of 0.5 to 1 mm and OCT was present in excess. These results were confirmed in the present study. When assayed without Orn, the upward concavity of the reciprocal plots was enhanced. The interaction coefficient was 1.5 ( Fig. 1) , while the apparent Km for MgATP was 1.5 mm.
Activation by Ornithine. Activation by Orn was confirmed with methods other than those used previously (16) . The degree of activation varied inversely with the MgATP concentration (Table  III) . Orn decreased the Km for ATP to 0.14 from 0.24 mm and led to a decrease of the Hill coefficient from 1.5 (minus Orn) to 0.98 (Fig. 1) . Activation by Orn was seen when both the coupled ACT assay and the direct hydroxyurea assay were used. In the latter assay, at an ATP concentration of 0.8 mm, Orn caused a 6-fold activation with a Ka of 22 Mm. If NH4+ replaced Gln, the activation by Orn was decreased (Table III) . Activation induced by Orn was not due to stabilization of the enzyme during the 6 min assay period.
Activation by Punne Nucleotides. In the presence of varying amounts of ATP, saturating Orn and Mg2+, the nucleotides IMP, ITP, and GMP had only slight effects on the reaction rate. If Orn was absent, several purine nucleotides caused significant activation (Table IV) . As with Orn, the degree of stimulation by IMP and GMP was somewhat variable, and the reason is unknown. IMP, ITP, GMP, and GTP always increased the activity, while IDP was inhibitory. One of the effects of IMP was to increase the affinity of the enzyme for MgATP, and to decrease the Hill coefficient to 1.11. (Fig. 1) . The apparent Km for ATP in the presence of 2 mm IMP was 0.38 mM. (Tables VI and VII) . IMP and GMP, like Orn, acted as competitive antagonists towards UMP, UDP, and TMP and increased the inhibition caused by AMP and ADP (Table VII) .
DISCUSSION
The results strongly indicate that CPS of pea shoots is a regulatory enzyme influenced by a variety of effectors, such that its activity in vivo can be strictly controlled. In terms of extractable enzyme levels, both wheat seeds and mung bean sprouts contained much more ACT than CPS (12, 13, 20) and it is suggested that CPS may be rate-limiting in pyrimidine nucleotide biosynthesis. Caution must be exercised in concluding which step(s) in pyrimidine or arginine synthesis in plants is rate-limiting, especially since so few of the enzymes involved have been characterized.
The pea seedling CPS is strongly activated by very low levels of Orn, especially where ATP is limiting. If both ATP and Orn levels are low in vivo, it is unlikely much CAP would be synthesized. The degree of activation by all of the positive effectors was highly dependent on the concentration of ATP and the negative effectors. In the absence of UMP, GMP caused an 80% activation, but where 50 AM UMP was present too, GMP caused over 1000% activation. The fact that the activators GTP and ITP did not reverse the inhibition by UMP indicates that they may have distinct, or at least overlapping, sites on the enzyme relative to the GMP and IMP site(s).
In previous work (16, 17) AMP appeared to be a potent inhibitor, but in the present investigation it activated stages V and VI enzyme. The present study employed an acetone fractionation step in purification, which may have altered sensitivity of the enzyme to AMP.
Since the pyrimidine nucleotides were competitive with ATP and combinations of them were additive in their effects and since their inhibition was reversed by the positive effectors, it may be presumed that the effective pyrimidine nucleotides bind at the same site. On the other hand, ADP must bind at a distinct site, for it is a noncompetitive inhibitor whose inhibition is not increased by the positive effectors.
The activators exert at least part of their effect by increasing the affinity of the enzyme for ATP. The MgATP saturation kinetics was sigmoidal, but this does not necessarily mean that the enzyme exhibits positive cooperativity (6, 22, 23) . However, the activators decreased the Hill coefficient, whereas the inhibitors increased it. These results are analogous to those obtained with CPS derived from several other prokaryotes and eukaryotes (1, 2, 9, 23) .
It is unlikely that Orn and UMP compete for a common binding site. Orn both activates and stabilizes the enzyme, whereas UMP inhibits and decreases stability. Pierard (21) obtained an E. coli mutant which had lost its sensitivity to UMP inhibition by Orn. Possibly UMP competes with ATP for a potential ATP regulatory site; however, we found that MgATP increases stability while UMP (4Mg2+) decreases it.
IMP and GMP may not bind at the same site as Orn, because even at optimal levels of Orn stability of the enzyme is considerably enhanced by IMP.
The pronounced activation (up to 5-fold) and increased stability caused by K+ is of potential regulatory importance. This may be particularly significant since activation of CPS by K+ is a common property of CPSs obtained from many sources (1, 20, 23, 24) .
The known properties of plant CPS and ACT lead to the suggestion that where CAP levels are low most of the cell's CAP is used in pyrimidine synthesis (20) . As UMP, and certain other pyrimidine nucleotides accumulate, they act as potent feedback inhibitors not only of CPS but also of ACT (14, 15, 19, 26) . If CPS activity were decreased too much, however, CAP could be limiting for arginine synthesis. Under such conditions the Orn level would be expected to rise, activating CPS, antagonizing the pyrimidine nucleotide inhibition of CPS, and furnishing Om for OCT. ACT activity might still be inhibited sufficiently by UMP to cause more of the CAP to be used in arginine biosynthesis. It seems likely that through interaction of the positive and negative effectors control of the activity of CPS must be precise. Activation by the purine nucleotides (especially GMP and IMP) might help balance the production of purine and pyrimidine nucleotides for nucleic acid synthesis. Modulation of activity by ADP and AMP may mean there is control by the "energy charge" of the cell. Inhibition by AMP, when it occurs, might also be significant in the regulation of arginine biosynthesis, AMP being one of the by-products of the urea cycle.
